Introduction {#s1}
============

The number of CT examinations continues to rise and is currently responsible for around 70% of medical radiation exposures.^[@b1]--[@b5]^ Concerns exist that the radiation exposure from CT scanning contributes to an increasing number of radiation-induced cancers.^[@b6]^ It is, therefore, necessary to reduce the radiation exposure of each CT scan by adopting the as low as reasonably achievable principle whilst ensuring diagnostic quality.^[@b7]^ Different techniques exist to limit the radiation exposure of CT. Tube current and tube voltage reduction, automated tube current modulation, noise reduction filters, optimization of CT hardware such as detectors and more recently the use of iterative reconstruction (IR) algorithms are amongst the different strategies available for dose reduction.^[@b8]--[@b13]^

Second-generation dual source CT (DSCT) with 128-slice detectors now also enables scanning at a high-pitch. DSCT systems have two sets of X-ray tube-detector pairs with the two acquisition systems mounted at an angular offset of 90° on the rotating gantry. Each detector acquires 64 overlapping slices per rotation. DSCT allows spiral acquisition for pitch values higher than 3 without image distortion, this is because the presence of two detector banks provides volume coverage without gaps at high pitch values.^[@b14]^ Studies have shown that high-pitch CT is beneficial not only for cardiac imaging but also in routine chest and abdominal CT by decreasing radiation dose whilst maintaining diagnostic image quality.^[@b15]--[@b17]^

A conventional CT detector consists of a scintillator, a photodiode, and a circuit board with an analogue-to-digital converter (ADC) in separate components, the signal is affected by resistance and capacitative loss as it travels through the components. Integrated detectors integrate the ADC chip directly with the photodiode to directly generate the signal and reduce electronic noise.^[@b18]^

The purpose of this study was to evaluate image quality of high-pitch CT for chest and abdominal scans, taking into account two major technological breakthroughs. The first one was the introduction of DSCT allowing high-pitch imaging. The second one was the introduction of new integrated CT detectors. Our hypothesis is that image quality will improve with this new technology.

methods and Materials {#s2}
=====================

Patients {#s2-1}
--------

The study was approved by the ethics committee of Geneva University Hospital. The total study sample of 114 contrast-enhanced CT scans acquired on a SOMATOM Definition Flash unit (Siemens Healthcare GmbH, Erlangen, Germany) that was later upgraded to integrated CT detectors consisted of 3 groups of 38 patients. The differences in age, gender, body mass index and CT examinations (chest CT *n* = 13; thoracoabdominal CT *n* = 18; CT abdominal *n* = 7) between the three groups were not significant. Group 1 corresponded to a standard-pitch CT (pitch 0.6) reconstructed with filtered back projection (FBP), acquired with conventional CT detectors (Ultra Fast Ceramics, UFC, Siemens Healthcare, Forchheim, Germany). Group 2 corresponded to a high-pitch protocol reconstructed with Sinogram Affirmed Iterative Reconstruction (SAFIRE), acquired with conventional CT detectors (UFC detectors). Group 3 corresponded to a high-pitch protocol reconstructed with SAFIRE and acquired with integrated CT detectors (Stellar detectors, Siemens Healthcare, Forchheim, Germany). The clinical reasons for performing the CT studies were as follows; neoplasia (*n* = 77), infection (*n* = 20), digestive pathology (*n* = 11), other (*n* = 6).

The decision whether high-pitch CT was performed was made by the radiologist supervising the examination. Only patients covered by the 33 cm scan field of view were included as this was the maximum field of view available for high-pitch dual source scanning. The anatomical coverage of the chest scans was from the lung apices to lung bases, for the abdominal scans from the lung bases to the pubic symphysis and the throacoabdominal scans from the lung apices to the pubic symphysis. Parameters of patient demographics are summarized in [Table 1](#t1){ref-type="table"}. Scan acquisition and reconstruction parameters are detailed in [Table 2](#t2){ref-type="table"}. Iodinated contrast media were intravenously injected with the following protocols, for thoracic imaging : 0.3 mg iodine per kg of iohexol (Iohexol, Accupaque 350®, 350 mg of iodine ml^-1^, GE Healthcare, Milwaukee, WI) were injected in an antecubital vein at a flow rate of 3 ml s^−1^, followed by 20 ml saline flush at a flow rate of 3 ml s^−1^. The acquisition started 35 s after the beginning of the injection. For abdominal and thoracoabdominal imaging : 0.6 mg iodine per kg of Iohexol (Iohexol, Accupaque 350®, 350 mg of iodine ml^--1^, GE Healthcare, Milwaukee, WI) were injected in a antecubital vein at a flow rate of 3 ml s^−1^, followed by 30 ml saline flush at a flow rate of 3 ml s^−1^. The acquisition started 65 s after the beginning of the injection.

###### 

Patient demographics

                                Low pitch, FBP         High pitch, SAFIRE     High pitch, SAFIRE, Stellar   
  ----------------------------- ---------------------- ---------------------- ----------------------------- ------------
  Mean age ± SD (years)         65 ± 2                 66 ± 3                 64 ± 3                        *p* = 0.80
  Number of male/female         24/14                  21/17                  21/17                         *p* = 0.75
  Mean BMI (range) (kg m^−2^)   24.82 (14.96--37.74)   22.86 (16.49--29.67)   25.44 (17.37--38.06)          *p* = 0.09
  Pitch                         0.6                    3.2                    3.2                           NA

BMI, body mass index; FBP, filtered back projection; SAFIRE, Sinogram Affirmed Iterative Reconstruction; SD, standard deviation.

There was no statistically significant difference in age, sex, or BMI amongst groups.

###### 

Acquisition and scan parameters

            Acquisition parameters   Reconstruction parameters                                                                            
  --------- ------------------------ --------------------------- ------ -------------- ----- ---------- ----- ---------- ---------- ----- ------
  Group 1   64 × 2×0.6               0.6                         0.7    Conventional   100   250        140   193        FBP        b30   2--1
  Group 2   64 × 2×0.6               3.2                         0.28   Conventional   120   140--190   120   140--190   SAFIRE 3   i31   2--1
  Group 3   64 × 2×0.6               3.2                         0.28   Stellar        120   110--190   120   110--190   SAFIRE 3   i31   2--1

FBP, filtered back projection; SAFIRE, Sinogram Affirmed Iterative Reconstruction

To take into account small morphological differences between the different groups, we have used size specific dose estimate as given in the AAPM report 204.^[@b19]^ The size specific dose estimate is defined as the dose--length product (DLP) multiplied by a correction factor and takes into account the diameter of the patient. For the thoracic and thoracoabdominal scans, the lateral diameter was measured at the level of the carina, perpendicular to the *z*-axis. For the abdominal scans, the lateral diameter was measured at the height of the iliac crest, perpendicular to the *z*-axis. The volume CT dose index (CTDIvol) and DLP were retrieved from the dose report generated by the scanner.

Quantitative image analysis {#s2-2}
---------------------------

Axial images were reconstructed at 2 mm slice thickness using a soft tissue kernel. Regions of interest (ROIs) were drawn by Radiologist 1 using the image processing software OsiriX MD (Pixmeo, Switzerland) in the scapula muscle, thyroid gland, trachea, aorta, main pulmonary artery, right and left ventricle, myocardium, hepatic veins, portal vein, right and left portal branches, hepatic parenchyma, pancreatic parenchyma, splenic parenchyma, renal cortex, renal medulla, adrenal gland, psoas muscle, bladder contents, intra-abdominal fat. The ROIs were sized to cover the largest surface of each anatomical structure. There were no significant differences in Hounsfield units (HUs) of the different ROIs for the three scanning protocols. The mean HU of the myocardium and left ventricle were used to calculate the contrast-to-noise ratio (CNR) on chest scans and the mean HU values of the portal vein and hepatic parenchyma were used to calculate the CNR of the abdominal scans \[CNR = (HU~1~--HU~2~)/standard deviation of HU~2~\]. Signal-to-noise ratio (SNR) was calculated using a round ROI of 1 cm^2^ placed in the myocardium and the liver parenchyma (SNR = HU organ/standard deviation HU organ).

Qualitative image analysis {#s2-3}
--------------------------

Each scan was evaluated independently by two radiologists (Radiologist 1 with 7 years and Radiologist 2 with 8 years of experience in body imaging). Images were anonymized with removal of all annotations relating to scan protocol and organized randomly. Overall image quality was assessed using a 5-point Likert scale; 1 = bad, not diagnostic, 2 = poor, diagnostic confidence substantially reduced, 3 = moderate, sufficient for diagnosis, 4 = good, 5 = excellent.

Lesion/organ conspicuity was assessed using a 5-point Likert scale; 1 = very poor, almost not visible; 2 = poor; 3 = intermediate; 4 = good 5 = excellent.

Each scan was then analyzed for motion artifacts on a 5-point Likert scale; 1 = major, unacceptable; 2 = substantial, above average; 3 = moderate, average; 4 = minor, below average; 5 = absent.

10 cases that were not included in the study were analyzed by the readers by consensus to train readers on the different scales.

Statistical analysis {#s2-4}
--------------------

Statistical analysis was performed with Prism (Prism, v. 6b, 2012, Graphpad Software, San Diego, CA). For continuous values, the results are presented as mean ± standard error of the mean. For discrete values, the results are presented as 95% confident intervals.

Non-normally distributed data sets (established from Kolmogorov--Smirnov tests) were compared using Kruskall--Wallis test with Dunn *post-hoc* test. Normally distributed data sets were compared using ANOVA test with Bonferroni *post-hoc* test. Two-sided testing was used. Differences were considered significant at *p* \< 0.05.

Results {#s3}
=======

Dose estimates {#s3-1}
--------------

Implementation of a high-pitch protocol with IR allowed a reduction in dose in thoracic scans with a further reduction observed after the introduction of stellar detectors. Radiation dose was reduced in thoracoabdominal scans when comparing a low-pitch FBP protocol with a high-pitch IR protocol. This reduction in dose remained unchanged after the introduction of stellar detectors. Similar results were found in abdominal scans with a significant reduction in dose when comparing the low-pitch FBP protocol with a high-pitch IR protocol and no significant reduction after the introduction of stellar detectors. The displayed CTDIvol was comparable to that measured as part of the routine biannual controls of delivered CTDIvol with a tolerance of 10% difference between displayed and delivered CTDIvol in compliance with national legislation.

These results are summarized in [Table 3](#t3){ref-type="table"}.

###### 

Dose estimates

  -------------------------------------------------------------------------------------------------------------------------------
                                DLP (mGycm)      CTDIvol (mGy)    SSDE (mGy)                                     
  ----------------------------- ---------------- ---------------- -------------- ---------------- -------------- ----------------
  Low pitch, FBP                313.90 ± 30.41   *p* = 0.078\     21.85 ± 1.56   *p* \< 0.0001\   11.67 ± 1.05   *p* = 0.014\
                                                 *p* = 0.009                     *p* = 0.295                     *p* = 0.005

  High pitch, SAFIRE            216.30 ± 18.14   5.45 ± 0.50      2.78 ± 0.15                                    

  High pitch, Stellar, SAFIRE   125.50 ± 8.76    3.49 ± 0.35      1.35 ± 0.05                                    

  Thoracoabdominal                                                                                               

  Low pitch, FBP                767.90 ± 60.22   *p* \< 0.0001\   25.73 ± 1.83   *p* \< 0.0001\   14.75 ± 0.93   *p* \< 0.0001\
                                                 *p* \> 0.999                    *p* \> 0.999                    *p* = 0.263

  High pitch, SAFIRE            416.50 ± 33.59   9.14 ± 1.57      5.28 ± 0.90                                    

  High pitch, Stellar, SAFIRE   438.60 ± 33.68   8.93 ± 1.37      4.11 ± 0.60                                    

  Abdominal                                                                                                      

  Low pitch, FBP                831.40 ± 88.84   *p* = 0.001\     16.61 ± 1.43   *p* = 0.004\     8.41 ± 0.35    *p* = 0.040\
                                                 *p* \> 0.999                    *p* \> 0.999                    *p* = 0.186

  High pitch, SAFIRE            249.40 ± 29.65   5.46 ± 0.44      3.62 ± 0.23                                    

  High pitch, Stellar, SAFIRE   290.70 ± 30.02   5.30 ± 0.53      2.90 ± 0.14                                    
  -------------------------------------------------------------------------------------------------------------------------------

CTDIvol, Computed Tomography dose index volume; DLP, dose--length product; FBP, filtered back projection; SAFIRE, Sinogram Affirmed Iterative Reconstruction; SEM, standard error of the mean; SSDE, sized-specific dose estimate.

Quantitative image analysis {#s3-2}
---------------------------

The thoracic scans had a better CNR despite the significant X-ray dose reduction when comparing the low pitch, FBP protocol to both the high pitch, SAFIRE protocol (3.29 ± 0.37 vs 5.67 ± 0.83, *p* = 0.03) and the high pitch, SAFIRE, stellar detector protocol (3.29 ± 0.37 *vs* 5.69 ± 0.87, *p* = 0.03) ([Figure 1](#f1){ref-type="fig"}).

![CNR left ventricle-myocardium. CNR (± SEM) was significantly higher when comparing the low-pitch scans reconstructed with FBP to both the high-pitch scans with SAFIRE and the high-pitch scans with SAFIRE and stellar detectors (3.29 ± 0.37 *vs* 5.67 ± 0.83, *p* = 0.03 and 3.29 ± 0.37 *vs* 5.69 ± 0.87, *p* = 0.03 respectively). CNR, contrast-to-noise ratio; FBP, filtered back projection; SAFIRE, Sinogram Affirmed Iterative Reconstruction; SEM, standard error of the mean.](bjr.20170443.g001){#f1}

The abdominal scans had similar CNR when comparing the three different protocols despite the significant decrease in dose that resulted from the introduction of a high-pitch protocol. The low-pitch FBP compared to high pitch, SAFIRE (3.997 ± 0.4629 *vs* 2.932 ± 0.3513, *p* = 0.5898) and low-pitch FBP compared to high pitch, SAFIRE and stellar detectors (3.997 ± 0.4629 *vs* 3.349 ± 0.37, *p* \> 0.99) ([Figure 2](#f2){ref-type="fig"}).

![CNR portal vein--liver parenchyma. The abdominal scans showed no differences in CNR (± SEM) despite the significant dose reduction in both the high-pitch SAFIRE scans and high pitch, SAFIRE and stellar detector scans. The low-pitch FBP protocol compared to the high pitch, SAFIRE (3.997 ± 0.4629 *vs* 2.932 ± 0.3513, *p* = 0.5898) and the low-pitch FBP compared to high pitch, SAFIRE and stellar detectors (3.997 ± 0.4629 *vs* 3.349 ± 0.37, *p* \> 0.99). CNR, contrast-to-noise ratio; FBP, filtered back projection; SAFIRE, Sinogram Affirmed Iterative Reconstruction; SEM, standard error of the mean.](bjr.20170443.g002){#f2}

SNR was similar for the three groups at the level of the myocardium (low-pitch FBP = 5.667±0.42, high-pitch SAFIRE 5.48 ± 0.35, high-pitch SAFIRE and stellar detectors 6.64 ± 0.51, *p* ≥ 0.27) ([Figure 3](#f3){ref-type="fig"}) and at the level of the liver (low-pitch FBP = 6.08 ± 0.44, high-pitch SAFIRE 5.18 ± 0.30, high-pitch SAFIRE and stellar detectors 5.67 ± 0.34, *p* \> 0.14.) ([Figure 4](#f4){ref-type="fig"}).

![SNR myocardium. SNR (± SEM) was similar for the three groups (low-pitch FBP = 5.667 ± 0.42, high-pitch SAFIRE 5.48 ± 0.35, high-pitch SAFIRE and stellar detectors 6.64 ± 0.51, *p* ≥ 0.27). FBP, filtered back projection; SAFIRE, Sinogram Affirmed Iterative Reconstruction; SEM, standard error of the mean; SNR, signal-to-noise ratio.](bjr.20170443.g003){#f3}

![SNR liver. SNR (± SEM) was similar for the three groups liver (low-pitch FBP = 6.08 ± 0.44, high-pitch SAFIRE 5.18 ± 0.30, high-pitch SAFIRE and stellar detectors 5.67 ± 0.34, *p* \> 0.14). CNR, contrast-to-noiseratio; FBP, filtered back projection; SAFIRE, Sinogram Affirmed Iterative Reconstruction; SEM, standard error of the mean.](bjr.20170443.g004){#f4}

Qualitative image analysis {#s3-3}
--------------------------

[Table 4](#t4){ref-type="table"} summarizes the results of qualitative image analysis. Overall image quality was comparable for the low-pitch FBP and high-pitch SAFIRE protocols, with scores ranging from 4.05 to 4.15 and 3.99--4.10 respectively, considered as good with no statistically significant difference between the groups. There was a statistically significant improvement in subjective image quality after the introduction of stellar detectors with scores ranging from 4.28 to 4.37.

###### 

Subjective image quality

                              Low pitch, FBP   High pitch, SAFIRE   *p*        High pitch, SAFIRE, Stellar   *p*
  --------------------------- ---------------- -------------------- ---------- ----------------------------- ----------
  Image quality (95% CI)      4.05--4.15       3.99--4.10           NS         4.28--4.37                    \<0.0001
  Motion artifacts (95% CI)   3.33--3.48       4.03--4.21           \<0.0001   4.12--4.29                    \<0.0001

CI, confidence interval; FBP, filtered back projection; SAFIRE, Sinogram Affirmed Iterative Reconstruction.

There was a significant improvement in image quality when comparing the low- pitch scans with FBP to the high-pitch scans with SAFIRE and stellar detectors but no difference between the low-pitch FBP scans and the high-pitch SAFIRE scans. There was a statistically significant improvement of motion artifacts when comparing the low-pitch FBP scans to both the high-pitch SAFIRE scans and the high pitch, SAFIRE, stellar detect scans.

Motion artifacts were considered as moderate for the low-pitch FBP scans, with scores ranging from 3.33--3.48. The implementation of a high-pitch protocol with SAFIRE resulted in a significant decrease in motion artifacts and a further decrease with stellar detectors, both statistically significant with scores ranging from 4.03 to 4.21 and 4.12--4.29 respectively ([Figures 5--6](#f5 f6){ref-type="fig"}).

![Thoracoabdominal scans in the coronal plane with soft-tissue window setting of the protocols used illustrating a decrease in radiation dose in the high-pitch protocols without sacrificing image quality. BMI, body mass index; CTDIvol, Computed Tomography dose index volume; DLP, dose--length product; FBP, filtered back projection; SAFIRE, Sinogram Affirmed Iterative Reconstruction; SEM, standarderror of the mean; SSDE, sized-specific dose estimate.](bjr.20170443.g005){#f5}

![Thoracic scans in the axial plane with soft-tissue window setting. The low-pitch protocol shows significant motion artifacts of the aortic root and the ostium of the left coronary artery is not identifiable (asterisk). With the introduction of a high-pitch protocol, there is a significant decrease in motion artifacts allowing not only the visualization of the aortic valve leaflets (black arrows) but also the ostium of the right coronary artery (dotted arrow). BMI, body mass index; CTDIvol, Computed Tomography dose index volume; DLP, dose--length product; FBP, filtered back projection; SAFIRE, Sinogram Affirmed Iterative Reconstruction; SEM, standard error of the mean; SSDE, sized-specific dose estimate.](bjr.20170443.g006){#f6}

Kendall's coefficient of concordance amongst the readers was of 0.787 for both image quality and motion artifacts.

Discussion {#s4}
==========

The widespread use of CT examinations as a robust and efficient diagnostic tool for both the chest and abdomen have led to the development of different dose reduction techniques. FBP as a reconstruction algorithm allows rapid image reconstruction but suffers from various limitations due to the approximation of the real focal spot and detector sizes and the corruption of data by quantum and electronic noise during acquisition.^[@b20]^ The introduction of IR techniques, such as SAFIRE, more accurately match the reconstructed image with the acquired projection data thus leading to a significant reduction in noise.^[@b21]^ This ultimately renders this type of reconstruction algorithm a powerful tool in dose reduction. Another technique that is available to reduce dose is to increase pitch. The second-generation dual source CT scanner with 128-slice detectors enables scanning with a pitch of up to 3.2 for the chest and abdomen, translating to a table feed of up to 46 cm s^--1^.

Our study showed that a significant dose reduction was possible when combining these techniques and comparing a low-pitch protocol reconstructed with FBP with a high-pitch protocol reconstructed with an IR algorithm, SAFIRE. This dose was further decreased for thoracic scans with the implementation of integrated CT detectors (Stellar detectors). These detectors directly coupled the photodiode with the ADC, reducing the electronic noise and hence increasing the CNR.^[@b22]^ This illustrates that the combination of technical advances allows dose reduction in a routine clinical setting. This dose reduction was not at the cost of image quality as CNR was superior in the high-pitch protocols reconstructed with SAFIRE for the thoracic scans and remained stable in abdominal and thoracoabdominal scans despite a significant reduction in dose. This was also reflected in the subjective analysis as overall image quality was deemed highest with the high pitch, SAFIRE, and stellar detector protocol.

Previous studies have shown a dose reduction ranging from 40 to 60% when implementing IR in comparison to FBP in thoracic, thoracoabdominal and abdominal scans.^[@b23]--[@b25]^ When implementing a high-pitch scanning protocol in chest and abdominal scan Amacker et al showed a dose reduction of 26 and 48% respectively.^[@b17]^ Our study showed a dose reduction that was superior and may be explained by the implementation of multiple dose reduction techniques; IR, high pitch, and integrated detectors.

Aside from the important dose reduction that was possible by the implementation of a high-pitch protocol, our study showed that there was a significant reduction in motion artifacts when comparing the low pitch, FBP protocol to both high-pitch SAFIRE protocols used. This has been illustrated by other groups particular for cardiac scans, in the pediatric population and in trauma patients.^[@b26]--[@b30]^ Although both differences in CNR values and subjective image quality assessments were noted the clinical significance may vary. The reduction in motion artifacts as reflected by the improvement in qualitative analysis is more readily appreciated in practice than variations in CNR.

There is less available data on the effect of a high-pitch protocol on motion artifacts in routine thoracoabdominal scans. Our study showed a significant reduction in motion artifacts when using a high-pitch compared to standard-pitch protocol.

Differences have been described in the subjective appearance between IRs and FBP, with the prior being described as resulting in a waxy or plastic appearance of images.^[@b31]^ In the objective analysis of our study, we did not find that this limited image quality.

Study limitations {#s4-1}
-----------------

The retrospective study design is a limitation of our study. Another limitation is that the first group of scans at low pitch with FBP was compared to a high-pitch protocol with SAFIRE. This was done to optimize the scan protocol and use all available technology but the drawback is a simultaneous modification of two different parameters. These modifications reflect the development of different technologies that were made available in our department. Another limitation is that only CNR was used, as a quantitative analysis tool of image quality, there are now other metrics that could be considered such as texture analysis. Image quality assessment was based on a limited number of parameters and this did not include spatial resolution and low contrast detectability. The population size was limited by the number of scans available in the high-pitch SAFIRE group before the installation of integrated detectors.

Conclusion {#s5}
==========

The combination of a high-pitch protocol with IR allows significant dose reduction in routine chest and abdominal scans whilst maintaining or improving diagnostic image quality, with a further reduction in thoracic scans with stellar detectors.
